In modern times, the design and optimization of different actuator systems for controlling a high-precision position control system represent a popular interdisciplinary research area. Initially, only single-stage actuator systems were used to control most of the motion control applications. Currently, dual-stage actuation systems are widely applied to high-precision position control systems such as hard disk drive (HDD) servo systems. In the dual-stage system, a voice coil motor (VCM) actuator is used as the primary stage and a piezoelectric micro-actuator is applied as the secondary stage. However, a dual-stage control architecture does not show significant performance improvements to achieve the next-generation high-capacity HDD servo system. Research continues on how to fabricate a tertiary actuator for a triple-stage HDD servo system. A thermal positioning controller (TPC) actuator is considered promising as the tertiary stage. The triple-stage system aims to achieve greater bandwidth, track density, and disk speed, with minimum sensitivity and greater error minimization. In this work, these three actuation systems with different combinations of proportional plus integral (PI), proportional plus derivative (PD), and proportional plus integral plus derivative (PID) controller, lag-lead controller, lag filter, and inverse lead plus a PI controller were designed and analyzed through simulation to achieve high-precision positioning. The comparative analyses were done on the MATLAB/Simulink simulation platform.
Introduction
High precision is an essential part of every positioning control system. To achieve this goal, different actuator stages can be applied to enhance the performances. A hard disk drive (HDD) is a magnetic storage device used to record and retrieve digital information. It is the most important medium for data storage in computers and in data processing systems, where a high-precision control system is a must. Currently, the storage capacity of the HDD servo system has been increased tremendously, being almost eight times more than the previous capacity [1] , and it will increase in the near future. Presently, dual-stage actuator systems of HDDs available on the market have a maximum capacity of 10 TB. Many scientists and researchers have already started to propose a modern HDD using a triple-stage actuation system. The main controlling part of an HDD is the magnetic read/write (R/W) head that is used to maintain a fixed position during read and write operations on the HDDs. The R/W head consists of a slider which is attached to the suspension [2] . In a single-stage HDD, only a voice coil motor (VCM) actuator is used for positioning, whereas in a dual-stage system, a VCM actuator is used as the primary stage and a piezoelectric micro-actuator usually made from lead zirconate titanate (PZT) is used as the secondary stage. At this time, a dual-stage actuation (DSA)-based HDD servo system is available on the market. This system performs competently to achieve superior track densities. As a result, the HDD's data capacity becomes greater by growing the servo bandwidth [3] . Different control techniques have been designed for track following by several scientists over the last few years. Currently, a dual-input single-output (DISO) controller is widely used to analyze the dual-stage actuation of HDD servo systems [4, 5] . For a dual-stage controller, the popular configurations are as follows: (a) decoupled master-slave (DMS) configuration, (b) parallel loop configuration, and (c) PQ method [6] . To control a servomechanism in dual-stage HDDs, various methods have already been designed and optimized and are described in the existing literature [7] [8] [9] [10] [11] . The decoupled master-slave architecture is explained in [12] [13] [14] [15] , the parallel structure is presented in [16] [17] [18] , and the PQ method is described in [19] .
In a triple-stage system, the R/W head is controlled by three stages with the help of three actuators installed in different positions of the suspension-a VCM actuator used as the primary stage, a PZT micro-actuator used as the secondary stage, and a thermal positioning controller (TPC) actuator used as the tertiary stage [20] [21] [22] [23] [24] [25] [26] . The TPC actuator composed of heaters in a head slider was designed to develop an actuator with a positioning accuracy of less than 5 nm. To increase the track density, bandwidth, and speed of the future generation HDD, a high-precision servo system is needed where a triple-stage system can be introduced instead of a dual-stage one. Therefore, for future generation HDDs, efficient optimized control techniques will be needed for the triple-stage system. Different control methods have already been developed to control a servo system. A proportional plus integral plus derivative (PID) controller is an ordinary controller technique for controlling any system. In this research, different combinations of PID controllers (such as proportional plus integral (PI), proportional plus derivative (PD), and PID) were used to optimize the outcome. Subsequently, a lag-lead controller for the VCM actuator, a lag filter for the PZT actuator, and an inverse lead plus PI controller for the TPC actuator were designed to reach the goal. Therefore, this work presents the comparative analyses of different control mechanisms for single-stage, dual-stage, and triple-stage actuator systems. The simulation results substantiate the effectiveness of the triple-stage system and the chosen controller for it.
Plant Model
The R/W head of the HDD servo system needs an actuator to control its position on the disk that converts the electrical energy into mechanical energy. It requires a control input (voltage or current) to drive, and the output is the movement of the R/W head. Initially, an HDD servo system was controlled by a VCM-based single-stage actuation system [27, 28] , where the control input signal was fed to the actuator and this single actuator was driving the R/W head of the HDD servo system, as shown in Figure 1 . When only one single actuator is used, the track density was very low and the bandwidth of the closed-loop system was low. As a result, it was a slow head positioning system. Actuators 2019, 8, x 2 of 17 dual-stage system, a VCM actuator is used as the primary stage and a piezoelectric micro-actuator usually made from lead zirconate titanate (PZT) is used as the secondary stage. At this time, a dualstage actuation (DSA)-based HDD servo system is available on the market. This system performs competently to achieve superior track densities. As a result, the HDD's data capacity becomes greater by growing the servo bandwidth [3] . Different control techniques have been designed for track following by several scientists over the last few years. Currently, a dual-input single-output (DISO) controller is widely used to analyze the dual-stage actuation of HDD servo systems [4, 5] . For a dualstage controller, the popular configurations are as follows: (a) decoupled master-slave (DMS) configuration, (b) parallel loop configuration, and (c) PQ method [6] . To control a servomechanism in dual-stage HDDs, various methods have already been designed and optimized and are described in the existing literature [7] [8] [9] [10] [11] . The decoupled master-slave architecture is explained in [12] [13] [14] [15] , the parallel structure is presented in [16] [17] [18] , and the PQ method is described in [19] . In a triple-stage system, the R/W head is controlled by three stages with the help of three actuators installed in different positions of the suspension-a VCM actuator used as the primary stage, a PZT micro-actuator used as the secondary stage, and a thermal positioning controller (TPC) actuator used as the tertiary stage [20] [21] [22] [23] [24] [25] [26] . The TPC actuator composed of heaters in a head slider was designed to develop an actuator with a positioning accuracy of less than 5 nm. To increase the track density, bandwidth, and speed of the future generation HDD, a high-precision servo system is needed where a triple-stage system can be introduced instead of a dual-stage one. Therefore, for future generation HDDs, efficient optimized control techniques will be needed for the triple-stage system. Different control methods have already been developed to control a servo system. A proportional plus integral plus derivative (PID) controller is an ordinary controller technique for controlling any system. In this research, different combinations of PID controllers (such as proportional plus integral (PI), proportional plus derivative (PD), and PID) were used to optimize the outcome. Subsequently, a lag-lead controller for the VCM actuator, a lag filter for the PZT actuator, and an inverse lead plus PI controller for the TPC actuator were designed to reach the goal. Therefore, this work presents the comparative analyses of different control mechanisms for singlestage, dual-stage, and triple-stage actuator systems. The simulation results substantiate the effectiveness of the triple-stage system and the chosen controller for it.
The R/W head of the HDD servo system needs an actuator to control its position on the disk that converts the electrical energy into mechanical energy. It requires a control input (voltage or current) to drive, and the output is the movement of the R/W head. Initially, an HDD servo system was controlled by a VCM-based single-stage actuation system [27, 28] , where the control input signal was fed to the actuator and this single actuator was driving the R/W head of the HDD servo system, as shown in Figure 1 . When only one single actuator is used, the track density was very low and the bandwidth of the closed-loop system was low. As a result, it was a slow head positioning system. To increase the track density, bandwidth, and speed of the disk, the DSA system was introduced as shown in Figure 2 . DSA system consists of a VCM and a PZT actuator [29] [30] [31] . However, the DSA system still has some limitations which need to be overcome for the next-generation HDD servo system. Therefore, recent research works have proposed a new actuator to be used as the tertiary To increase the track density, bandwidth, and speed of the disk, the DSA system was introduced as shown in Figure 2 . DSA system consists of a VCM and a PZT actuator [29] [30] [31] . However, the DSA system still has some limitations which need to be overcome for the next-generation HDD servo system. Therefore, recent research works have proposed a new actuator to be used as the tertiary stage. For the future generation of the HDD servo system, this triple-stage actuator system can be a potential solution [32] [33] [34] [35] . stage. For the future generation of the HDD servo system, this triple-stage actuator system can be a potential solution [32] [33] [34] [35] . A triple stage HDD servo system using three actuators, as shown in Figure 3 , where VCM is used as the primary actuator, PZT is used as the secondary actuator and TPC is used as the tertiary actuator. Three control input signals are provided to these three actuators and then the combined effort of these actuators causes the R/W head to be positioned precisely over the circular tracks. 
VCM Actuator
A VCM comprises a current conveying cylindrical coil of wire put in a radially situated magnetic field produced by permanent magnets. A VCM can be served as a servo motor, which is equipped for moving to an exact and precise angular or linear position according to a position feedback device such as a hall-effect sensor. HDD servo systems use VCM for the positioning of the R/W head through a microcontroller. The frequency response of the VCM actuator can be identified as a doubleintegrator model which can be expressed as the following form: 
The frequency response of the VCM model used in this work is shown in Figure 4 (obtained from [7] ). Here, four resonant modes have been considered. These resonant modes are detrimental to the HDD servo system and can decrease the performance of the system. Therefore, these resonant modes have to be compensated by using resonance compensator. A triple stage HDD servo system using three actuators, as shown in Figure 3 , where VCM is used as the primary actuator, PZT is used as the secondary actuator and TPC is used as the tertiary actuator. Three control input signals are provided to these three actuators and then the combined effort of these actuators causes the R/W head to be positioned precisely over the circular tracks. stage. For the future generation of the HDD servo system, this triple-stage actuator system can be a potential solution [32] [33] [34] [35] . A triple stage HDD servo system using three actuators, as shown in Figure 3 , where VCM is used as the primary actuator, PZT is used as the secondary actuator and TPC is used as the tertiary actuator. Three control input signals are provided to these three actuators and then the combined effort of these actuators causes the R/W head to be positioned precisely over the circular tracks. 
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A VCM comprises a current conveying cylindrical coil of wire put in a radially situated magnetic field produced by permanent magnets. A VCM can be served as a servo motor, which is equipped for moving to an exact and precise angular or linear position according to a position feedback device such as a hall-effect sensor. HDD servo systems use VCM for the positioning of the R/W head through a microcontroller. The frequency response of the VCM actuator can be identified as a double-integrator model which can be expressed as the following form:
where K V is the gain; N V is the total number of mechanical resonant modes of VCM actuator. -type denotes the summation of transfer functions of all the mechanical resonances. Each resonant mode is represented by three parameters A i , ω ri , and ζ i as follows:
PZT Actuator
A piezoelectric micro-actuator made from lead-zirconate-titanate (PZT), usually a push-pull type, is placed very close to the suspension arm. This secondary actuator (PZT actuator) can be modeled in the following mathematical form:
where P K is the gain; P N is the total number of the mechanical resonant modes of the secondary actuator. Each mode can be expressed as, The frequency response of a PZT micro-actuator is presented in Figure 5 (obtained from [7] ). Here, five resonant modes are identified in the frequency response. Same as the VCM resonant modes, these resonant modes of a PZT micro-actuator also reduces the efficiency of the system. Therefore, like the VCM resonant modes, the effects of these modes also need to be canceled by using an appropriate compensator. 
TPC Actuator
Thermal flying-height control (TFC) sliders can be used to control the head-disk spacing by using thermal actuation and thus is used to expand the bit density of the disk [36] [37] [38] [39] . Utilizing 
PZT Actuator
where K P is the gain; N P is the total number of the mechanical resonant modes of the secondary actuator. Each mode can be expressed as,
The frequency response of a PZT micro-actuator is presented in Figure 5 (obtained from [7] ). Here, five resonant modes are identified in the frequency response. Same as the VCM resonant modes, these resonant modes of a PZT micro-actuator also reduces the efficiency of the system. Therefore, like the VCM resonant modes, the effects of these modes also need to be canceled by using an appropriate compensator. 
TPC Actuator
Thermal flying-height control (TFC) sliders can be used to control the head-disk spacing by using thermal actuation and thus is used to expand the bit density of the disk [36] [37] [38] [39] . Utilizing thermal actuators to precisely position the R/W element could be a promising innovation for large scale manufacturing for future HDDs. Using the concept of TFC control, a TPC actuator comprised of heaters in a head slider has been designed to develop an actuator with a positioning accuracy of less than 5 nm. The mathematical model for TPC represented by following formula:
where K T is the gain and a T is a constant. In a triple-stage system, TPC actuator is used in the tertiary stage. The frequency response of the tertiary TPC actuator is presented in Figure 6 .
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where T K is the gain and T a is a constant. In a triple-stage system, TPC actuator is used in the tertiary stage. The frequency response of the tertiary TPC actuator is presented in Figure 6 . The transfer function of the thermal actuator was obtained between the driver to drive with input voltage and the output displacement. According to the theoretical concept, it has been found that a thermal actuator does not exhibit any mechanical resonance. Since no resonant mode was present in this case, there is no need to design a compensator for TPC actuator.
Control Architecture
In the beginning, a single-stage actuator system was used to control the HDD servo system shown in Figure 7 , where only a VCM actuator was used. This method of single actuation had some limitations, like very low bandwidth and speed. Here To improve the performance of an HDD servo system, a secondary actuator is placed between the pivot and slider. This actuator system, known as the dual-stage actuator system, uses the VCM actuator as the primary stage for long-range movement while the secondary PZT actuator is mainly used during track following. The popular dual-stage control architecture is a decoupled master-slave (DMS) architecture as shown in Figure 8 The transfer function of the thermal actuator was obtained between the driver to drive with input voltage and the output displacement. According to the theoretical concept, it has been found that a thermal actuator does not exhibit any mechanical resonance. Since no resonant mode was present in this case, there is no need to design a compensator for TPC actuator.
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In the beginning, a single-stage actuator system was used to control the HDD servo system shown in Figure 7 , where only a VCM actuator was used. This method of single actuation had some limitations, like very low bandwidth and speed. Here To improve the performance of an HDD servo system, a secondary actuator is placed between the pivot and slider. This actuator system, known as the dual-stage actuator system, uses the VCM actuator as the primary stage for long-range movement while the secondary PZT actuator is mainly used during track following. The popular dual-stage control architecture is a decoupled master-slave (DMS) architecture as shown in Figure 8 To improve the performance of an HDD servo system, a secondary actuator is placed between the pivot and slider. This actuator system, known as the dual-stage actuator system, uses the VCM actuator as the primary stage for long-range movement while the secondary PZT actuator is mainly used during track following. The popular dual-stage control architecture is a decoupled master-slave (DMS) architecture as shown in Figure 8 . Here R(s) is the reference input signal and Y(s) is the displacement of the R/W head of the dual-stage system, G P (s) is the plant model, F PZT (s) is the notch filter, and C PZT (s) is the nominal controller for the PZT actuator. On the other hand, G V (s) is the plant model, F VCM (s) is the notch filter, and C VCM (s) is the nominal controller for the VCM actuator. G P (s) is the feedback path used as the decoupler that feeds the signal to the VCM stage. ) (s G P is the feedback path used as the decoupler that feeds the signal to the VCM stage. Figure 9 shows the control architecture of a decoupled master-slave configuration for a triplestage HDD servo system. In this architecture, VCM is used as the primary actuator, PZT is used as the secondary actuator and TPC is used as the tertiary actuator. 
Notch Filter
To decrease the effect of different resonant modes of the VCM and PZT actuators, filter circuits have to be used as resonance compensators. In this paper, the notch filter has been used to Figure 9 shows the control architecture of a decoupled master-slave configuration for a triple-stage HDD servo system. In this architecture, VCM is used as the primary actuator, PZT is used as the secondary actuator and TPC is used as the tertiary actuator. ) (s G P is the feedback path used as the decoupler that feeds the signal to the VCM stage. Figure 9 shows the control architecture of a decoupled master-slave configuration for a triplestage HDD servo system. In this architecture, VCM is used as the primary actuator, PZT is used as the secondary actuator and TPC is used as the tertiary actuator. 
To decrease the effect of different resonant modes of the VCM and PZT actuators, filter circuits have to be used as resonance compensators. In this paper, the notch filter has been used to Here R(s) is the reference input signal and Y(s) is the displacement of the R/W head of triple-stage control architecture. G T (s) is the plant model and C TPC (s) is the nominal controller for TPC actuator. G T (s) and G P (s) are used as the decoupler to feed the signal from the previous stage fed to the next stage.
To decrease the effect of different resonant modes of the VCM and PZT actuators, filter circuits have to be used as resonance compensators. In this paper, the notch filter has been used to compensate for the resonant modes. A simple notch filter described by the transfer function as follows can be used to compensate a single resonant mode.
where, ω n1 is the resonance frequency, ζ n1 is the desired damping ratio of the resonant mode. The numerator of F(s) cancels the lightly damped poles of the plant model. The denominator of the plant model can be well damped complex poles at resonance frequency or above. The effects of the changes in phase and amplitude contributed by the denominator on the overall gain and phase margin become negligible.
Notch Filter for VCM Actuator
The mechanical structure between the VCM actuator and the point to be controlled (head) is flexible leading to various methods of vibration that affects the positioning accuracy. In this case, a notch filter is used as the compensator to compensate the resonant modes of the VCM actuator. From the frequency response of VCM actuator, it is observed that there are a number of resonant modes. Therefore, a notch filter is used to reduce the gain at certain resonance frequencies. Figures 10 and 11 illustrate the application of the notch filter in VCM actuator. After compensating the resonant modes through notch filter, the VCM actuator model is almost similar to a double integrator model. From the following figures, clear attenuation of resonant modes of VCM actuator can be observed. compensate for the resonant modes. A simple notch filter described by the transfer function as follows can be used to compensate a single resonant mode. 
The mechanical structure between the VCM actuator and the point to be controlled (head) is flexible leading to various methods of vibration that affects the positioning accuracy. In this case, a notch filter is used as the compensator to compensate the resonant modes of the VCM actuator. From the frequency response of VCM actuator, it is observed that there are a number of resonant modes. Therefore, a notch filter is used to reduce the gain at certain resonance frequencies. Figures 10 and 11 illustrate the application of the notch filter in VCM actuator. After compensating the resonant modes through notch filter, the VCM actuator model is almost similar to a double integrator model. From the following figures, clear attenuation of resonant modes of VCM actuator can be observed. 
Notch Filter for PZT Actuator
Many resonant modes are also observed in the frequency response of the PZT actuator. Therefore, a notch filter was used to gain stabilization for each resonant mode of the PZT actuator. The complex PZT model has five resonant modes. Figure 12 shows the frequency response of a complicated PZT model with a notch filter, and Figure 13 presents the frequency response of notch filter for PZT model. From these two figures, it is clearly observed that the notch filter can effectively compensate for the resonant modes of PZT actuators. 
Controller Design for Different Actuation System
A controller is employed in a servo system to precisely obtain the desired output. A controller is defined as the optimized controller when rise time, settling time, percentage overshoot, bandwidth, phase margin, and gain margin are within satisfactory limits. In this work, by observing the simulation results of various control combinations, the optimized proposed controller is selected with considering the above-mentioned criteria. 
A controller is employed in a servo system to precisely obtain the desired output. A controller is defined as the optimized controller when rise time, settling time, percentage overshoot, bandwidth, phase margin, and gain margin are within satisfactory limits. In this work, by observing the simulation results of various control combinations, the optimized proposed controller is selected with considering the above-mentioned criteria.
PI Controller
A controller used to remove the steady-state error from a system response is known as a proportional plus integral (PI) controller. The transfer function of the PI controller can be expressed as:
where P is the proportional gain and I is the integral gain parameter.
PD Controller
An ideal proportional plus derivative (PD) controller is used to minimize the transient error of a system response. The PD controller can be expressed as:
where P is the proportional gain, D is the derivative gain parameter, and N is the filter coefficient in the derivative filter.
PID Controller
To obtain the improvement of both the steady-state error and transient response, the PI controller and the PD controller can be combined, which is known as proportional plus integral plus derivative (PID) controller. The PID controller can be expressed as follows.
where P is the proportional gain, I is the integral gain, D is the derivative gain parameter, and N is the filter coefficient in the derivative filter. The tuning method is used here to determine the optimized value of P, I, D, and N by using MATLAB simulation.
Lag-Lead Compensator for VCM Loop
A lag-lead compensator is widely used in HDD servo systems to control the VCM actuator [40] [41] [42] . The mathematical expression of a lag-lead compensator is written as
where, C VCM (s) is the transfer function of the VCM actuator and f v is the gain crossover frequency.
This makes the open-loop transfer function crossing the 0 dB line at frequency f v with a slope of −20 dB/decade. The frequencies are chosen from the thumb rule of designing a lag-lead compensator.
Lag Filter for PZT Loop
Let the micro-actuator loop cross-over frequency be f m . Obviously, f m should be a few orders of magnitude higher than f v since the PZT micro-actuator is expected to respond to the high-frequency components of the position error signal (PES). Here a lag filter C PZT (s) with the corner frequency of 1/β of f m is used.
where C PZT (s) × G PZT (s) s= j2π f m = 1 such that the micro-actuator loop crosses the 0 dB line with a −20 dB/decade slope, and where C PZT (s) is the transfer function of the PZT actuator, and f m is the gain cross-over frequency.
Inverse Lead Plus PI Controller for TPC Loop
An inverse lead compensator followed by a PI compensator has been designed for TPC actuator. In order to fix the gain the cross-over frequency of the open-loop response, controller gain K TPC is obtained by satisfying the following condition:
where f t is the gain crossover frequency of the TPC loop and G TPC (s) is the transfer function of TPC.
Simulation Results

Simulation Results Using PID Controller
In the dual-stage HDD servo system, VCM was used as the primary and PZT was used as the secondary actuator. To control the system and to obtain the desired result, combinations of PI, PD, and PID controller were used. From the different combinations of PID controller, the system gives the optimized performance when the PD controller was used as the secondary controller. In the triple-stage HDD servo system configuration, VCM was used as the primary stage, PZT was used as the secondary stage, and TPC was used as the tertiary stage. The triple-stage system was simulated by considering the optimized controller combination obtained for the dual-stage. In the case of dual-stage architecture, PI-PD, PD-PD, and PID-PD combination gave the optimized result. When we applied a different combination of PID controllers in the triple-stage, it can be observed that the suitable performance is obtained when the PID controller was used in the tertiary-stage. Table 1 shows a summary of this simulation analysis. 
Simulation Results for Lag-Lead Controller as Primary and Lag Filter as Secondary Controller
In this stage, the cross-over frequency of the lag-lead controller varied from 200 Hz to 700 Hz where the cross-over frequency of lag filter varied from 1000 Hz to 2600 Hz. Here it can be concluded from the simulation results that the system gives a better response when the cross-over frequency of the lag-lead controller varies from 400 Hz to 500 Hz and the cross-over frequency of the lag filter varies from 1600 Hz to 2000 Hz as shown in Table 2 . Table 2 . Summary of the lag-lead controller as the primary controller and the lag filter as the secondary controller. 
Open-Loop
Simulation Results for Inverse Lead Plus PI Controller as Tertiary Controller
In the case of triple-stage architecture, a lag-lead controller was used as the primary controller, a lag filter was used as the secondary controller, and an inverse lead with PI controller was used as the tertiary controller. The system performed best when the open-loop cross-over frequency of the inverse lead controller changed from 3000 Hz to 4000 Hz. We can then conclude that a higher bandwidth can be achieved from the triple-stage as shown in Table 3 . 
Comparison
The performance of various control architectures with different controllers can be compared in terms of sensitivity and complementary sensitivity, error signal, and bandwidth.
Sensitivity and Complimentary Sensitivity
The definition of the sensitivity transfer function and complementary sensitivity function can be given as follows: Figures 14 and 15 show the sensitivity and complementary sensitivity functions of single-stage, dual-stage, and triple-stage HDD servo systems. In Figure 14 , it is seen that the triple-stage scheme has the lowest sensitivity for the low-frequency range although it has a bit higher complementary sensitivity for the high-frequency range. Therefore, the triple-stage scheme has better efficiency in terms of disturbance and noise reduction. So, in terms of a sensitivity analysis, triple-stage can be used as good control architecture. Figures 14 and 15 show the sensitivity and complementary sensitivity functions of single-stage, dual-stage, and triple-stage HDD servo systems. In Figure 14 , it is seen that the triple-stage scheme has the lowest sensitivity for the low-frequency range although it has a bit higher complementary sensitivity for the high-frequency range. Therefore, the triple-stage scheme has better efficiency in terms of disturbance and noise reduction. So, in terms of a sensitivity analysis, triple-stage can be used as good control architecture. Figure 16 shows the error signal of each case and it is observed that the triple-stage architecture shows the minimum output error. Therefore, triple-stage architecture has better efficiency than the other two architectures.
Error Signal and Bandwidth
Bandwidth is the key parameter to determine the speed of an HDD servo system. Since speed is related to the bandwidth, a higher bandwidth provides a higher speed. Figure 17 displays the openloop frequency response of the single-stage, dual-stage, and triple-stage architecture of an HDD servo system. It is seen that from the frequency responses, the TPC actuator gives the maximum cross-over frequency. As a result, the bandwidth of triple-stage architecture is bigger than dual-stage or singlestage architecture. The results of all combinations have been summarized in Table 4 . Figure 16 shows the error signal of each case and it is observed that the triple-stage architecture shows the minimum output error. Therefore, triple-stage architecture has better efficiency than the other two architectures.
Bandwidth is the key parameter to determine the speed of an HDD servo system. Since speed is related to the bandwidth, a higher bandwidth provides a higher speed. Figure 17 displays the open-loop frequency response of the single-stage, dual-stage, and triple-stage architecture of an HDD servo system. It is seen that from the frequency responses, the TPC actuator gives the maximum cross-over frequency. As a result, the bandwidth of triple-stage architecture is bigger than dual-stage or single-stage architecture. The results of all combinations have been summarized in Table 4 . frequency. As a result, the bandwidth of triple-stage architecture is bigger than dual-stage or singlestage architecture. The results of all combinations have been summarized in Table 4 . It is observed in Table 4 that triple-stage gives the minimum rise time (71.69-89.69 µs), minimum settling time (1281-1312 µs), minimum percentage overshoot (4.7-7.0%), higher bandwidth (3.671-4.356 kHz), higher phase margin (75.2°-79.9°) and infinite gain margin. It is observed in Table 4 that triple-stage gives the minimum rise time (71.69-89.69 µs), minimum settling time (1281-1312 µs), minimum percentage overshoot (4.7-7.0%), higher bandwidth (3.671-4.356 kHz), higher phase margin (75.2 • -79.9 • ) and infinite gain margin. 
Conclusions
This paper presents the comparative analysis of different controllers for single-stage, dual-stage, and triple-stage high-precision position control systems. The frequency response of VCM and PZT actuators consist of multiple resonant modes. To overcome the effect of these resonant modes, notch filters were designed. In the case of dual-stage DMS architecture, PI-PD, PD-PD, and PID-PD combination, the result is a suitable performance. In another simulation, a lag-lead controller was used as the primary controller and a lag filter was used as the secondary controller. This combination shows better performance when the open-loop cross over frequency of a lag-lead controller changes from 400 Hz to 500 Hz and the cross-over frequency of the lag filter changes from 1600 Hz to 2000 Hz. In the triple-stage architecture, the system is simulated by considering the optimized result obtained in the dual-stage architecture. It is observed from the obtained data that when the PID controller is used as the tertiary stage, it performs better. In another combination of triple-stage architecture, lag-lead controller was used as the primary controller, lag filter was used as the secondary controller, and an inverse lead with PI controller was used as the tertiary controller. The system performs best when the open-loop cross-over frequency of the inverse lead controller changes from 3000 Hz to 4000 Hz.
The simulation results demonstrate that the triple-stage architecture provided superior performance when compared to dual-stage and single-stage architecture in terms of sensitivity, bandwidth, and tracking performance. Therefore, in order to increase the storage capacity of HDDs, a TPC actuator can be used as the tertiary actuator for the upcoming next-generation HDD.
